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Analysis of the faclorizability of several sets of fragment-production cross
sections has been performed for '2C, '80, 80, and °®Fe projectiles in the 1
to 2 GeV/nucleon energy region for targets ranging from Be to U. The
results of this analysis are considered in terms of geometrical concepts. No
evidence is found that there is any dependence of fragmentation channel
upon the impact parameter. It is found as well that the projectile depen-
dence of the target facturs is much less than that predicted by either the
abrasion-ablation theory, and is also less than that predicted by - an
excitation-decay model. Nevertheless, it appears that excitation-and-decay
is the dominant process in peripheral fragmentation.
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1. Introduction

In this paper we investigale the validity of the coﬁcept of factorization®
by the analysis of the data from several measuremepts of the fragmentation
of relativistic heavy ions.!"3 All of these experiments were performed at the
Lawrence Berkeley Laboratory Bevalac. Isotopic fragment-production cross
sections were measured both for !2C and !¢0 projectiles’ and for 20 projec-
tiles? using a magnetic spectrometer to determine the momentum of the
fragments and a telescope of Si(Li) detectors to determine their charge.
Elemental fragment-production cross sectibns (only) were measured for
58 e projectiles.3 using the same ‘Si(Li) detectors for the charge determiné-

tion.

The concept of the factorization of fragment-production cross sections
originated in the description of processes in high-energy physics.4 The
essential feature of this idea is that at high enough beafn energies the
branching of the various outgoing particle-production channeis is indepen-
dent of the target. For nuclear frégmentation cross sections, the éoncepts
of "strong" and "weak” factorization have been developed.’ These concepts
can be expressed as |

o(P.F.T) = yfrr (1)

for strong factorization, and

a(P.F.T) = vbver (2)
for weak factorization, where ¢(P,F.,T) is the nuclear fragmentation cross
section for the projectile P incident upon the target 7 producing the frag-
ment F; yf is a factor which depends only upon the species of projectile and
fragment; ypr is a factor which depends only upon the species of projectile

and target; and y7 is a factor which is a function solely of the target species.



We test the validity of strong factorization by investigating the devia-
tions from the behavior predicted by fhé strong-factorization hypothesis for
any systematic dependence upon the type of projectile. For the test of weak
factorization we investigate the deviations from thé behavior predicted by
the weak-factorization hypothesis for_‘ any systematic deéendence upon the

fragmentation channel.



II. Theoretical Models

A. The Geometrical Model

We obtain a simple picture for nuclear collisions at high energiés by
congidering each nucleus to be a completely absorbing disk and each frag-
ment to be produced from interactions within a certain band of overlap of
the two disks. The assumption of totally absorbing disks isv made plau:sibie
by the fact that the mean free ‘path of nucleons in nuclear matter is only
“about 1.5 fm (when calculated with the free nucleon-nucleon cross section),
and this mean free path is small compared with typical nuclear diameters,

~which range from about 4.5 fm for !2C to about 13.5 fmn for 298 Fp .

If the total cross section is given by the area of a disk, then the partial
cross sections for producing vafious fragments of the projectile are just the
areas of annular bands of some width. The larger projectile fragments are
assumed to come from peripheral interactions betfveen the two nuclei, so
that the cross sections for these fragments corfespond to bands at the
outer edge of the disk. If we sux;n the measured cross sections for projectile
fragments for which the fragment mass is greater than half of the projectile
mass and then convert this area to an annulus at the outer edge of the

hypothetical absorbing. disk, the width of this band is only about 1 fm.®

In order to relate these ideas to factorization, we note that the cross
section in this case is simply

o(P.F.T) = 2nR(P.T)-dR(P.F), | (3)
so that we can identify ypy with 27R(P,T) and yf with dR(P,F). In other
words, the target factor is proportional to the sum of the radii of the target
and projectile nuclei and the fragment faétor (which contains the detailed

physics) is just the width of the annular band which has an area equal to the



measured cross section. For a large target nucleus and a small projectile,
YpT reduces to ~2mR(T), the circumference of the target nucleus; this is the

strong-faétorization limit.

- However, nuclei do not have perfectly sharp e;iges; they have a "skin"
thfough which their matter density drops from nearly its central value to
nearly zero. The thickness of this skin is about 2 fm. Folding this knowledge
into the above model means that the probability of an interaction as a func-
tion of impact parameter b (the distance from the center of the absorbing

disk) drops essentially from unity to zero over a distance of about 2 fm. We
| still can retain the picture of annular bands as probability distributions with
finite widths, within which the probability peaks at some value of the impéct
parameter b, and falls for smaller and for larger values of b. “I‘his is the
analog for heavy-ion collisions of the transition charge density for electron

scattering; b, here corresponds to the transition radius.”

Moreover, because of the size of the peripheral fragmentation cross
sections. the range of impact parameters must be rather narrow. This
means that the target factor cannot be influenced very strongly by the frag-
mentation channel, and consequently, the weak-factorization condition, [Eg.

(2)], is expected to represent the data adequately.

The assumption here that the target factor is essentially just the sum
of the radii of the target and projectile nuclei leads to a quantifiable break-
down of the strong-factorization condition [Eq. (1)]. This seems reasonable,

within the confines of the present simple idea.

B. The Abrasion-Ablation Theory |

The abrasion-ablation theory is essentially a method of computing the

probability (as a function of impact parameter) for producing a particular
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fragment. The abrasion-ablation £heory of Hufner, Schafer, and -
Schiirmann® is construéted around the following simple concept, first intro-
duced by Bowman, Swiatecki, and Tsang.? When a relativistic projectile
nucleus passes near a target nucleus such that 'the.r'e is an overlap of their
matter volumes, the region of the overlap is sheared off {abrasion), léaving a
distorted nucleus of. smaller mass. This nucleus is now in an exciﬁed state
by virtue of its distortion, and it de-excites by emitting one or more

nucleons (ablation).

In Ref. 8 it vis shown, using multiple-scattering theory,!° that the abra-
sion cross section for removing n nucleons from the projectile is
8%0,(P,T.B) _

Gl :
where the impact parameter F is the relative position of the projectile with

Ap
n

(1-Per(8)]* Per(8)* ™ | (4)

respect to the target in the (x,y) plane for the projectile moving in the z-

direction. The probability function Ppp(&) is defined by

Ppr(8) = [d?f dz pp(f.,z) exp[-ATa,ﬁ’{prT(r-n-a,z') dz'| (5)
where aﬁ{v is the total nucleon-nucleon cross section and p;{f,z) is the
single-particle density of the projectile (i =P) or the target (i=T). Since the
single-particle densities depend only upon radial distance [p(#,2z) = p(7)],
the probability function Ppp(¥) is a function only of the rnagnitucie of the
impact parameter [Ppp(¥) = Ppr(b)]. The total abrasion cross section, after
integrating over impact parameter, is then

A
O’n(P.T) = -,f

}2nbdb [1=Ppr(b)]* Pep(b )P, (8)

Cugnon and Sartor® computed the probability function Ppr(b) for vari-

ous cases, and found that its dependence upon target is sirnply a translation



of the impact parameter,

Ppr(b) = fp(b—£7) - . (7)
where fp(z) depends only upon the projectile and ¢r depends only upon the

target. In terms of fp(z), the abrasion cross section is written as

Ap
n

o (P.T) = 2n( P} [dz (z+&r)[1=fp(z) P fp(z)?™ (8)

¢

and they state that setting the.lowér limit of integration equabl to zero intro-
duces an error of no greater thar; one percent. By defining N,p (in units of
length) to be the normalization constant for the distriﬁutibn
[1=fp(z)]* fp(z)*™ and Ietting <z,p> be the value of x averaged over this

distribution, the expression for the abrasion cross section can be written as"

Ap

n [Map(<Znp>+£7) (9)

o, (P.T) = 27

where the term (Kzpp>+£r) is just the average value of the impact parame-
ter which contributes most strongly to the process for thé abrasion of n
nucleons. The value of <z,p> varies weakly with both n and P. Cugnon and
Sartor observe that o,(P,T) breaks weak factorization by 10 to 15% and

strong factorization by a much larger amount.

Blezsynksi and Sander!! noted that the fragmentation cross section is
-related to the abrasion cross section by
AP—AF

Ocarc (P.F.T) = Y an(F.P)o,(P.T) (10)

n=1l

where a,(F,P) is the branching ratio for the abraded nucleus of Ap—n
nucleons to decay into the final-state fragment F. Including the expression

for g,(P.T), we get

Ocalc (P-F- T) = 2"2 an(F-P) [I:f NnP(<znP>+$T) (11)

and since the values of <z,p> do not vary greatly (for a given P) we can



approximately factor the term (<z,p>+¢7) out of the summation (letting n'

denote the dominant n leading to the fragment F£) and make the

identifications
45
yE=2nmy an(F.P)| ) | Nup (12)
n - A .
and
YPT = <ZTpp>+ér ‘ (13)

According to Ref. 8, the excitation energies of the abraded nuclei are low
enough sb that there 1s typically only one or two particles emitted in the
ablation stage, which corresponds to one or two terms in the summation in
Eq. (11).

We can see that the target factor of Eq. (13) corresponds to the average
impact parameter for a particular fragmentation channel (n'). A deviation
from weak factorization can be taken to mean that there is a dependence of
the fragmentation channel upon the impact parameter or.‘ conversely, if
weak factorization holds exactly then there is no impact parameter depen-
dence within the fragmentation channel. We note that a lack of deviation
from weak factorization is contrary to the basic premise of the abrasion

stage of the abrasion-ablation theory.

C. The Excitation-Decay Model

We have derived an alternative description of peripheral fragmentation
through the use of the theory of nucleus-nucleus total reaction cross sec-
tions as formulated by Karol.!? The following discussion [Egs. (14) - (19)]
summarizes the result of Karol's work and is used as the basis of our model.

The total reaction cross section is computed as



op = ZnZ[l—T(b)]bdb o - (14)
where T(b) is the transmission probability, i.e., the probability t;hat the pro-
jectile will not interact with tﬁe target at impact pax:arneter b. The reaction
cross section is

or = 10m(af+af)[£:(x) +in (x) +7] | (15)
where FE,(x) is the exponential integral and ¥ is Euler‘; constant. The

parameters ar and ap are given by

dcit +t2
k . _
where c¢; is the half central-density radius, £; is the skin thickness and

2

k=41nb5. xis given by the expression

_ n%5(E)pr(0)pp(0)afaf
- 10(af+af)

where 6(F) is the average energy-dependent nucleon-nucleon cross section

(17)

and p;(0) is given by

pi(0) = Yoz exple,/ a;)? | (18)
where

. 34,

Poi = A (19)

4meS[1+(n?t?/ 19.36¢c3)]’

This reaction cross section is related to peripheral fragmentation cross
sections in the following way. Consider reactions in which there is a single
quasi-exclusive nucleon-nucleon collision. In this case, fragmentation
resulting in the projectile losing more than one nucleon is an excitation-
" and-decay process where the scattered nucleon must impart sufficient
energy to the projectile in order to allow it to decay into the various frag-
mentation channels. Each fragmentation channel has a different energy

threshold. A particular fragment would be produced predominantly within
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the excitation energy range from its threshold up to the next highef thres-
hold (for a different type of fragment). By utilizing this feature, we can
derive the fragmentation cross section as |

Ocate (P.F1.T) = 0g(@1.P.T) = 0p(32.P.T) (20)
where @, is the average nucleon-nucleon cross section for all momentum
transfers lafge enough to produce excitation energies greater than the
‘threshold for fragment F/;, and where 0, is the average nucleon-nucleon
cross section for éll momentum trahsfers large enough to produce excita-
Vtion energies greater than the next higher threshold. From the expressions
above we can write

eate (P.FL.T) = 10n(af+aB)LE: () ~Ey () +in (17 x2)] (21)
and for a typical case (P = 2C, T = 5%Fe, and o~ 10 to 40 mb), we have y=4.5
and E,(x)<2-1073. The values of £, are negligible_. so that

Ocatc (P.F1.T) = 10m(af+aB)in(3,/ 03). 'v ’ (22)
Since the appropriate nucleon-nucleon cross sections depend only upon the
projectile-fragmentation channel we can make the identifications |

v£ = K 10min(3,/ 5,) ' (23)
and

yer = K ' (af+af) (24)
where K (in units of length) is a relative normalization constant. Since the
skin thickness ¢, is approximately constant for all nuclei the parameter a?
is essentially a measure of the radius of the i** nucleus, so that ypy is pro-
portional to the sum of the radii of the target and projectile nuclei plus a

constant.

We see that weak factorization is predicted exactly by this model and
that strong factorization is predicted to be broken by the dependence of the

target factor upon the sum of the radii of the target and projectile nuclei.
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Essentially, this model predicts that the size of the fragment does not
depend upon the amount of overlap of the target and projectile nuclei,
which implies in turn that.the excitation spectrum of the projectile-
fragment system must extend to energies sufﬁcien'tly h‘igh to produce the

small fragments.
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1. Results and Discussion

A. Empirical Determination of Fragment and Target Factors

The data from the !20 experiment? and from the earlier experiment!
with 12C and !0 projectiles were analyzed in order to determine the factors

7; and ypr. These factors result from minimizing X in the expression

_ L (o(P.F.T) = yhypr)?
. X = §§ 7 [6a(P.F.T)?

where 60(P,F,T) is the experimental uncertainty in the measured

(25)

fragment-production cross section o(P,F.T).

This analysis was performed with sets of cross sections for 20 projec-
tiles at 1.7 GeV/nucleon, 80 projectiles at 2.1 GeV/nucleon, '2C projectiles
at 2.1 GeV/nucleon, and '*C projectiles at 1.05 GeV/nucleon. The cross sec-
tions used in our analysis for the 20 projectiles are those listed in Ref. 2,
with the excéptiop of those for heavy largets and fragmentation channels
with significant electromagnetic dissociation (EMD) and those for the 8Li
fragmentation channel, the latter because of systematic uncertainties which
are discussed in Ref. 2. The cross sections we used for the !®0 data and the
two '2C data sets are listed without parentheses in Tables I, II, and IIl. These
include all of the measured cross sections except those for the EMD frag-
mentation channels with heavy targets, those reactions with hydrogen tar-
gets or hydrogen fragments, and those where the experimental uncertainty
is greater than 30% of the measured value for the cross section, all of which

are listed with parentheses.
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It should be noted that the hydrogen-fragment and hydrogen-target
data do not fit well within the factorization hypotheses, but this is a special
issue, and thus a discussion of the behavior of the hydrogen data is beyond

the scopev of the present paper.

The r‘esulti’ng fragment and target factors are listed in Tables IV, V, VI,
and VII, with the normalization that vpr=1 for T=Be. In general »the. units of
the target and fragment factors are arbitrary except that the producl must
be an area. We adopt the cbnvention that the units of each are length and
that the product yields area in mb. We note that the factors for !*C projec-
tiles at 2.1 GeV/nucleon are not signiﬁcantly different from those for 1.05
- GeV/nucleon. In addition, the factors for 5¢fe projectiles .from Ref. 3
(except for Mn fragments) are listed in Table VIII, again with ypr=1 for T=Be.
The fragmentation channels vin this case are for elements (and not for iso-

topes).

B. Strong Factorization

The validity of strong factorization was predicted by Cugnon and Sar-
tor® to be violated to such an extent so as not to be a useful concept.
Specifically, we must determine the systematic projccti_le dependence of the
' target factor. The target factors for each of the tabulated data sets are
plotted in Fig. 1. The data points for ?C shown in Fig. 1 are the average
values of the target factors from the two experimental energies. The factors
for each projectilé have been normalized such. that the average value for the .
-Be and C targets is unity. The curves shown are fits to each set of target
factors with a function of the form"ypr = g(A#/3+A4p/3-6), where g and ¢ are

adjustable parameters. The resulting values for g and § are listed in Table
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IX. Our geometrical model constitutes the basis for this parametrization of
the target factors; 6 is a relative rneasure of the overlap of the target and

projectile nuclei which contributes to peripheral fragmentation.

The test of strong factorization hinges uponva c;'ornparison of the target
factors for the different projectiles. Consider the values of viv:he fitted curves
for Ay=208 (T=Pb). These values are listed in Table IX, along with the ratio
of the value for each of the light projectiles t_o that for %Fe. In order to
compare with the abrasion-ablation‘ theory,v we compute the target factors
for the projectiles !12C and 5®Fe with a Pb target by estimaling the values for
<z,p> and {7 with the normalizat_ion appropriate to Fig. 1. bThis ratio is 1.29,
which is to be compared to the value 1.14 i 0.03 from the data. Computing
thié ratio by the use of our excitation-decay model [Eq. (24)], with values of
c; and ¢; obta‘ineci from Ref. 13, we produce the value 1.21, which also is
larger than thét for the data. If the data were to exhibit precisely the
behavior of strong factorization, the value of this ratio would be unity. This
is clearly not the case. However, it also is clear that the data do not exhibit
as great a dependence upon the projectile as that predicted by either the

abrasion-ablation theory or our excitation-decay model.

Both of the theoretical models considered here predict that the values
of target factors for Pb targets decrease monotonically with increasing size
.of the projectile. This behavior also is not exhibited by the data, although
the variations between the different sets of data in Fig. 1 are possibly the
result of systematic errors and are not conclusively physical in nature.
However, the fact that the 58 fe data are consistently lower than those for
the smaller projectiles is in agreement with the trend of the theoretical

models.



15

Even though we cannot make a definitive determination of the extent to
which the data deviate from the strong-factorization limit, the data do indi-
cate that strong factorization is broken, but to a significantly lesser extent

than that predicted by the models.

C. Weak Factorization

In order to see how well the factors ¥£ and ypy (Tables IV-VII) fit the
“measured cross sections, we compute the ratio

r(P.F.T) = yfypr/ o( P,F.T) ' ' (28)

for each of the cross sections o(P,F,T). First, we determine the mean value

= ) 7/ N, and the width T}, = [Y (r—r)3/ N,J% for each set of cross sec-
PFT PFT .

tions (N, is number of cross sections in the sum). Table X shows the results -
of this analysis. That the values for 7 are nearly equal to uhity is merely a
verification that the yf and yp; were computed correctly. That the values
for r are not ezractly equal to unity results from the fact that the weighting
factors are the inverse squares of the error bars; i.e., the cross sections are
not weighted umforrnly The values for I, for 2C and %0 projectiles are
considerably larger than that for 20 projectiles. However, in consideration
of the large »® for the 80 case, it is apparent that the different value for Iy
results from non-statist'ical experimental uncertainties which are not
included in the weighting function. The systematic uncertainties for the 80
cross sections are approximately 5% of the measured values of these cross
sections. If this 5% were included in the factorization analysis, the 80 data

would be perfectly consistent with the weak-factorization condition [Eq. (2)].

Next, we investigate these values for 7 in order to determine whether

and to what extent there is any systematic dependence either upon Ag or
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upon Ay. In this analysis, thé values for"r are fitted with the linear function
r(P.F.T) = mprAp + bpr. | (=7)
thus generating values for the parameters mpr and bpy. According to the
. abrasion-ablation theory, there shouvld a systematic'dependence of mpr (o'r
equivalently, of bpy) upon Ay. Figures 2a & b show the resulting values for
mpr and for bpp, respectively. As a result of the procedure for calculating
the values for r, the parameters mpy an'd bpr are not independent; they pro-
vide two views of the same information. Note that a zero value for mpy (or
equivalently, a value of unity for bpy) means that the values for r (a meas-
ure of the deviation from weak-factorization behavior) Vhave no dependence

~upon the fragmentation channel.

The deviation from weak factorization predi_cted by the abrasioh-
ablation theory results from the fact that the target factor is not only a
function of the target and. projectile, but also depends somewhat upon the
fragmentation channel, through the dependence of <z,p> upon n and P. It
is possible to compute the systematic behavior of this predicted deviation
from weak factorization and to obtain an estimate of its rnagnit.ﬁde. For -
this, values of <znp>+£‘7- are used in place of those for o(P.F.T) in the
analysis described above. The set of values for <z,p> and £y used for this is
given in Table XI, and was chosen to be a representative sample for 80 pro-
jectilesl. It should be noted thatl this sample spans a somewhat smaller range
of target and fragment sizes than the full !0 data set in order to provide a '

conservative estimate for the predicted deviation from weak factorization.

The systematic behavior of the values for 7(F,T) which result from this
analysis, shown in Table XII, is such that r(heavy,light) and r(light,heavy)

are greater than unity while 7 (light,light) and r(heavy,heavy) are less than
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‘unity. The values for mpy and bpr which were determined from this analysis
are plotted as the dashed curves in Figs. 2a and 2b. It is readily apparent
that the data show no systematic dependence upon the fragmentation chan-

nel, in striking disagreement with the abrasion-ablation theory.

Alternatively, one can consider anothef geometrical model in which
‘there is a smaller but non-zero deviation from weak factorization. In this
model we include explicitly the overlap of the emitted larger fragrhent and
the térget by assuming that the target ‘factor is the sum of the radii of the
target and fragmént nuf:lei: vpr = 1,(A3/3 + Ap73). The solid curves iﬁ Figs.
2a and‘2b' were derived using this assumption. (Note that these curves do
not depend upon the value of r, used.) One can see f.hat a deviation from
weak factorization of this lesser magnitude is not ruled out by the data; but

neither do the data exhibit the trend indicated by this assumption.

Bleszynski and Sander!! have suggested parametrizing the target
dependence of fragmentation cross sections as

ox(AB/ 3+ AP/ 3 (28)
where the exponent y indicates whether a process is peripheral, y~1 (g is
proportional to the sum of the radii), or central, y~2 (¢ is proportional to
the area which represents the total reaction cross section). They predicted
(from abrasion-ablation calculations) that y depends upon the fragmenta-
tioh channel and that it should increase from a value near unity for a
single-nucleon removal process to a value approaching twice that for remov-
ing a significant number of nucleons from the projectile. Figure 3 shows the
results of fitting the fragmentation cross sections with the functional form
of Eq. (28), where a value of y is determined for e_ach fragment and projec-

tile (except that the EMD fragments are not included). The curve was
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obtained from the results of the abrasion-ablation calculations presented in
Ref. 11. It can be seen in Fig. 3 that for a small number of nucleons removed
(Ap—Ap<6), the experimentally determined values for y do not cluster
enou.gh to rule out this model, but for lighter fragme‘nts (Ap—Ap>6), the data
deviate significantly from the trend of the model. One can also see, with this
parametrization, that the data do not show the predicted dependence upon

the fragmentation channel.



‘19
IV. Implications

The present data indicate that strong factorization is probably violated.
However, a comparison' of the data for the projectiles 12C, 190, 180, and % fe
shows that strong factorization certainly is not .violated to the extent
predicted by ei{:her the abrasion-ablation theory or our excitation-decay
model. That thié is the case indicates that the amount of_ove.rlapbf the tar-
get and projectile nuciei. leadiﬁg to peripheral fragrnéntation. actually is
less than.predicted by these models. In other words, peripheral fragmenta-
tion ‘occurs at larger impact parameters than those predicted by the _

abrasion-ablation and our excitation-and-decay models.

- of thé fragmentation data sets that exist now, the one for 180 projec-
tiles® provides us wiﬁh the most stringent test of weak factorization.. It is
clear, from the analysis described above, that bthe deviation from weak fac-
torization predicted by the 'abrasion-ablatibn model is no£ manifested in any
of the present data, especially those for 80 projectiles. Moreover, the data
(excluding hydrogen targets and fragments) show no systematic deviation
whatever from weak factorization; there is no dependence of the target fac-

tor upon the fragmentation channel.

Within a geometrical picture of peripheral collisions, a deviation from
weak factorization can result only when the branching to a fragmentation
channel depends upon the amount of overlap of the target and projectile
nuclei. It is clear from the results presented here that any dependence of
the fragmentation channel upon impact parameter is much smaller than

that predicted by the abrasion-ablation theory.

Thus, from the combined results of the strong- and weak-factorization

analyses, we know that the average impact parameter leading to peripheral
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fragmentation is such that the target and projectile do not overlap very
‘much and that the range of impact parameters leading to the various frag-

mentation channels is quite small.

The ﬁnai conclusion we draw from this analysis is that peripheral frag-
mentation appears to be dominated ‘by an excitétion-and-decay process, in
which weak factorization is exact, and that the abrasion process of the
abrasion-ablation theory does not provide a valid description for the frag-

mentation process.
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Table . Cross sections (in mb) for 180 projectiles.®

Fragment

Target (continued on next page)

H

24

Be C Al
1509° (27.3 + 2.8) 43.0 + 2.2 429 £ 2.3
149 (0.75 £0.12) 1.60 + 0.10 1.67 + 0.12
130 (0.17 £ 0.03) 0.32 + 0.04 0.22 + 0.03 ,
18y (0.02 ®) (0.05 + 0.02) 0.13 + 0.02 0.10 + 0.03
1SN (34.3 & 3.3) 54.1 + 2.7 54.2 + 2.9 66.0 + 4.3
14N (31.0 + 3.3) 495 + 4.0 418 + 3.3
13N (4.49 + 0.46) 8.01 + 0.40 8.06 + 0.42
12§ (0.40 £0.07) 0.66 + 0.05 0.73 £+ 0.07
15¢ (0.02 + 0.01) 0.05 + 0.01 1 0.04 + 0.01
140 (3.69 + 0.38) 5.21 + 0.30 4.71 + 0.31 8.29 + 0.46
13¢ (178 + 1.7) 28.6 + 1.4 27.7 + 1.4 31.4 + 2.0
12¢ (32.3 + 4.8) 60.8 + 4.9 65.1 £ 5.2
e (11.0 = 1.1) 21.0 + 1.1 18.48 + 0.92
10¢ (1.83 + 0.21) 2.81 + 0.17 2.51 + 0.18
8¢ (0.21 + 0.08) _ 0.41 £ 0.09
13p (0.31 + 0.05) 0.50 + 0.04 0.44 + 0.05
12p (1.45 £ 0.17) 2.75 + 0.15 2.44 + 0.15 3.61 + 0.24
lp (15.4 + 1.5) 275 + 1.4 26.0 + 1.3 31.0 + 1.6
10p (8.9 £ 1.7) 19.2 + 1.5 203 £ 1.8 »
8p (0.58 + 0.08) 1.53 £+ 0.12 1.38 + 0.13
12 pe (0.04 + 0.02) 0.03 + 0.02
11 g (0.08 + 0.03) 0.19 + 0.03
10 ge (2.05 £+ 0.31) 3.92 + 0.27 3.98 + 0.30
® Be (417 + 0.55) 9.79 + 0.50 9.06 + 0.51 ~ 11.22 + 0.68
7 Be (10.1 + 1.2) 220 + 1.1 223 £ 1.1
Ori (0.34 + 0.08) 0.51 £ 0.07
8ri (0.73 + 0.17) 2.50 + 0.18
L (11.1 + 1.3) 27.0 + 1.4 26.3 + 1.3 348 + 1.8
/i (13.3 + 2.4) 33.5 + 2.7 35.9 + 2.9
8He (0.73 £ 0.20) 2.00 + 0.21
4He (221  £20) 501  +45 474 42
SHe (50.2 + 5.7) 152.4 + 8.5 136.0 + 7.6
SH (55  +11) (151 £11)
2y (152 £23) (417  £37) (408  +36)
1 ge (37.2 + 6.8) (96.5 + 6.2)

'Indicates EMD fragment.
8Parentheses indicate the cross sections which were not included

in the factorization analysis.

®Estimated to within a factor of two.
®Produced within 12.5 mrad of the incident beam direction.



Table I. Cross sections (in mb) for 180 projectiles.?
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Target (continued)

Fragment
Cu ' Ag Pb

150 (74.0 = 7.8) (99  £13) (135  £22)
1409 - 2.14 £ 0.42 2.20 + 0.58 (2.8 £1.5)
130 0.52 + 0.17
18y (0.39 + 0.15) (0.06 b)
15° (98.2 : 9.6) (121 £15) (202  126)
14y 72 14 68 23 71 22
13y 147 + 1.6 186 = 2.2 17.0 £ 3.2
12y (0.42 + 0.18) 1.11 + 0.34
15¢ (0.11 + 0.08) -
l4¢ 7.76 + 0.92 75 £ 1.3 123 + 22
13¢ 358 + 3.7 39.4 £ 5.1 454 + 83
120 92  :14 . 104  £18 126 25
e 27.0 + 2.6 37.8 + 3.8 36.9 + 5.7
10¢ 4.45 + 0.52 42 + 1.2 72 £ 1.4
¢
13p 0.82 + 0.17 (0.85 + 0.28) (0.70 £ 0.44)
12p 2.98 + 0.38 4.04 £ 0.58 3.98 £ 0.75
g 35.9 + 2.9 43.6 £ 3.9 52.9 + 5.9
10p 352 & 55 26.6 + 8.3 35  x11
8p 1.38 + 0.34
IZBe .
115 (0.30 £ 0.13)
10 ge 8.51 + 0.86 5.85 + 0.77 68 =+ 1.1
®Be 12.3 + 1.1 13.8 £ 1.5 153 £ 2.1
7 Be 320 + 25 36.4 + 3.2 433 + 6.4
9L
811 3.63 £ 0.47
7L 38.7 + 2.9 39.8 + 3.5 39.7 + 4.3
81 61.2 + 7.9 49.4 + 85 56  +13
6 He
4He 748  £80 825 90 882 +104
SHe
3H .
2y (682  +72) (752 +97) (945 <+154)
lhc .

‘Indicates EMD fragment.

8Parentheses indicate the cross sections which were not included

in the factorization analysis.

bEstimated to within a factor of two.

®Produced within 12.5 mrad of the incident beam direction.
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Table II. Cross sections (in mb) for 13C projectiles
at 2.1 GeV/nucleon.?

Target (continued on next page)

Fragment
H Be C Al

12y (0.03 £ 0.01) (0.06 £ 0.01) (0.08 = 0.01)
e (26.1 = 2.4) 46.7 + 2.3 48.5 = 2.3 59.5 + 3.1
10¢ (2.38 = 0.24) 4.20 £ 0.21 4.11 £ 0.22 4.99 = 0.34
%c (0.38 £ 0.07) 0.54 £ 0.06 0.54 + 0.07  0.50 £ 0.09
12p (0.06 £ 0.01) 0.14 £ 0.02 0.10 £ 0.01 0.14 + 0.03
11g (30.9 = 3.4) 53.2 : 2.9 53.8 = 2.7 85.2 + 4.8
105 (16.9 = 3.0) 31.1 £ 2.8 35.1 = 3.4 36.4 + 4.8
8p (0.47 = 0.11) 1.48 £ 0.09 " 1.72 £ 0.13 1.76 = 0.14
1 pe o (0.02 = 0.01)
10 ge (3.42 £ 0.35) © 5.97 £ 0.31 5.81 £ 0.29 7.02 £+ 0.40
9 Be (5.92 £ 0.54) 10.98 = 0.55 10.63 + 0.53 12.74 £ 0.71
7 Be (9.5 = 1.0) 18.91 £ 0.95 18.61 £ 0.93 25.8 = 1.3
oLi (0.41 £ 0.08) . 0.92 & 0.08 0.85 + 0.08 0.88 £ 0.12
8ri (1.13 £ 0.16) 2.52 £ 0.18 2.18 = 0.15 2.79 + 0.23
TLi (11.0 £ 1.0) 228 = 1.1 215 & 1.1 273 : 1.4
8Li (13.9 = 1.5) 33.1 = 2.7 300 £24 383 =29
8 te (0.91 £ 0.21) 2.54 £ 0.25 2.21 £ 0.22 2.82 + 0.27
4 He (171 =£15) - 383 =34 373 £33 451 =40
3He (51.5 = 4.5) 127.9 = 7.2 124.9 = 7.0 152.2 = 9.4
3H (53  £10) (134  =10) (129  =11) (158  =14)
2H (105 £15) (329  £30) (314 £28) (411 £37)

+ 4.1 71.7 = 4.2 70.0 = 4.2) 868.3 : 5.7

‘Indicates EMD fragment.

8Parentheses indicate which cross sections were not included
in the factorization analysis.

bProduced within 12.5 mrad of the incident beam direction.
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Table I. Cross sections (in mb) for 12C projectiles
at 2.1 GeV/nucleon.?

Target (continued)

Fragment :
Cu Ag Pb

12y ' (0.24 £ 0.09)
et (81.4 = 6.3) (101.9 + 9.8) (145  +17)
10¢ 5.38 + 0.55. 7.03 + 0.88 7.8 + 1.5
o 0.52 + 0.17 (0.53 + 0.27) (1.56 + 0.57)
12p ' (0.12 + 0.08) . (0.11%)
ngt (84.8 + 9.0) (109  £13) (155 £23)
10p 43.7 + 9.8 65 +17 _ 74 £25
8p 1.85 + 0.33 1.96 + 0.40 3.69 + 0.76
llBe : )
105, 8.57 + 0.70 8.81 + 0.91 10.0 + 1.4
8 Be 16.1 + 1.3 188 + 1.7 225 : 28
7 Be 33.7 + 2.3 41.2 + 3.3 47.9 + 4.9
Ori 1.38 + 0.36 1.20 + 0.33 (1.43 £ 0.53)
8Li 3.89 + 0.47 3.27 + 0.53 3.40 + 0.82
TLi 319 23 40.3 + 3.3 459 + 4.8
8/ 47.3 + 4.5 46.1 t 5.6 80.0 + 85
S He 821047 . 35 & 1.1 .42 & 1.1
4 He 553 159 . 616 87 728 185
3 He 192 :13 227  +16 264 122
3H (198 +24) (237  £32) (321 £52)
2H (543  58) (650  £78) (715  :£124)
e (112.0 +8.9) - (131  +12) (171 £18)

‘Indicates EMD fragment. :

®Parentheses indicate the cross sections which were not included
in the factorization analysis.

®Estimated to within a factor of two.

°Produced within 12.5 mrad of the incident beam direction.



Table III. Cross sections (in mb) for 12C projectiles

at 1.05 GeV/nucleon.?
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Target (continued on next page)

Fragment
H Be C Al

12y (0.05 ®) (0.02 £ 0.01) (0.05 b) (0.07 + 0.03)
et (25.0 + 3.0) 44.7 + 2.6 44.7 + 2.8 57.8 + 3.9
100 (2.52 + 0.28) 4.02 + 0.23 4.44 + 0.24 5.06 £ 0.37
8¢ (0.28 + 0.06) 0.42 + 0.05 0.48 + 0.06 0.60 + 0.10
12p (0.05 £ 0.01) 0.09 + 0.02 0.10 + 0.01 0.18 + 0.05
ngt (29.3 £ 2.7) 50.7 + 3.2 486 + 2.4 84.5 + 5.3
10p (20.2 + 2.5) 28.8 + 2.3 279 + 2.2 30.4 + 3.5
8p (0.60 + 0.09) 1.55 + 0.08 1.43 + 0.10 1.73 £ 0.16
1 Be (0.02 + 0.01) ,
10 ge (3.41 + 0.54) 5.08 + 0.30. 5.34 + 0.29 6.49 + 0.48.
®Be (5.13 £ 0.54) 11.60 £ 0.70 10.70 £ 0.50 13.90 + 0.90
7 Be (8.45 + 0.81) 17.80 + 0.90 18.60 1 0.90 19.9 + 1.1
i (0.40 + 0.09) 0.75 + 0.08 0.87 + 0.10 0.82 + 0.16
8ri (0.77 + 0.14) 2.36 £ 0.14 2.40 + 0.18 2.87 + 0.27
14 (10.40 £ 0.80) 234 + 1.2 215 + 1.1 285 + 1.4
87i (11.5 + 2.2) 248 + 20 27.1 + 2.2 249 + 29
8 He (0.94 + 0.19) 2.09 + 0.17 1.83 + 0.19 2.00 + 0.29
4 He (185  £19) 422 138 404 138 488 144
SHe (46.4 t 5.1) 134 + 7 135 + 8 161 <+ 9
SH (124 £ 7) (118 £ 7) (149 £ 9)
2H (125 :18) (301 £27) (292  1+28) (413 £37)
e (7.0 + 1.5) (20.2 + 1.4) (18.8 + 1.8) (24.6 + 2.1)

*Indicates EMD fragment.
8Parentheses indicate the cross sections which were not included

in the factorization analysis.

PEstimated to within a factor of two.
°Produced within 12.5 mrad of the incident beam direction.
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Table IIl. Cross sections (in mb) for 12C projectiles
at 1.05 GeV/nucleon.®

Target (continued)

Fragment
~ Cu Ag : - Pb

12N
e (78.1 £ 8.1) (98  £13) (128 22)
100 : 7.53 + 0.70 7.7 £ 1.0 10.9 = 1.7
o 0.67 + 0.18 1.19 + 0.30
12p 0.15 + 0.05 , : (0.23 b)
hgt (80.1 £ 7.9) (110 £15) (149  +25)
107 36.4 t 9.9 43 12 (51 £18)
8p 2.29 + 0.32 178 + 0.38 2.70 + 0.68
e _ S \
105 7.69 + 0.61 - 8.4 =+ 1.2 10.9 + 1.8
% Be 143 + 1.2 23.7 + 2.7 22.2 + 3.7
7Be 25.0 £ 1.9 ' 218 £ 2.7 - 37.8 + 4.7
874 1.05 £ 0.38 (1.15 + 0.49) , (1.78 + 0.81)
84 3.99 + 0.70 (2.8 £ 1.2) : 49 + 1.6
i 326 + 1.9 42.1 + 3.4 45.2 + 4.8
8ri 33.1 + 6.0 38.1 + 7.8 51  +13
SHe 3.01 + 0.68 (3.6 + 1.4) (7.3 £ 2.7)
4He 568  +61 727  £79 749 £113
3He 209 14 237 17 321 26
SH (219 £19) ’
2H (485  +52) - (698  182) (823 +145)

1 ge (26.4 + 3.7) (35.9 + 5.2) (48.7 + 8.2)

*Indicates EMD fragment.

8Parentheses indicate the cross sections which were not included
in the factorization analysis.

PEstimated to within a factor of two.

®Produced within 12.5 mrad of the incident beam direction.




Table IV. Fragment and target factors for 20 projectiles.

+ 0.44

Fragment vE Target YPT

18 0.520=z 0.049 U 2.052 + 0.030

170 4586 + 0.93 Pb 1.990 + 0.033

1809 32.06 + 0.70 W 1.90 + 0.10

7N - 27.89 +0.40 Sn 1.92 1 0.11
18y 21.12 + 0.88 Cu 1.604 + 0.096

15N 53.74 + 0.74 Ti 1.468 + 0.025

14N 12.52 +0.22 Al 1.264 + 0.012

15 3.670+ 0.086 C 1.022 + 0.010

4o 28.49 + 0.52 Be 1.000 + 0.009

8¢ 37.10 +0.68 -

12¢ 28.65 +0.37

12p 8.24 +0.19

10p 8.65 + 0.17

10 ge 10.35 +0.14

"Li 23.09

lf
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Table V. Fragment and target factors for 160 projectiles.

Fragment vE Target ¥pr

150 438 + 1.5 Pb 1.731 + 0.087
1409 1.638 + 0.071 Ag 1.557 + 0.047
e 0.268 + 0.023 Cu 1.402 + 0.034
18y 0.114 + 0.015 Al 1.210 + 0.027
Y 55.1 + 1.7 C 0.958 + 0.012
14N 46.4 1+ 2.4 Be 1.000 + 0.012
By 8.52 + 0.27

12y 0.693 + 0.039

15¢ 0.046 + 0.007

“c 5.16 + 0.17

He 27.54 + 0.76

120 64.7 + 3.1 -

Nes 20.27 + 0.80

10 2.78 + 0.11
o 0.428 + 0.090

Bp 0.491 £ 0.030

2p - 2.845 + 0.082

p 26.86 + 0.66

g 20.2 + 1.0

8p 1.430 + 0.081

pe 0.198 + 0.030

18Be 4.02 : 0.17

9Be 9.35 + 0.28

"Be 22.77 + 0.85

Sri 0.532 + 0.070

8114 2.61 + 0.18

Li 27.11 + 0.68

811 . 355 + 1.7

8He 2.09 + 0.21

‘He 510 +22

SHe 146.8 + 5.8

”
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Table VI. Fragment and target factors for 1?C projectiles

at 2.1 GeV/nucleon.

Fragment vE " Target Ypr

e 48.0 1t 1.2 Pb 1.983 £ 0.067
10 4.15 + 0.11 Ag 1.669 + 0.046
°c 0.496 + 0.033 Cu 1.460 + 0.034
12p 0.112 + 0.008 Al 1.193 £ 0.018
g 544 + 1.8 C 0.971 + 0.013
10p 324 + 15 Be 1.000 + 0.013
&g 1.510 + 0.051

10ge 584 + 0.14

%Be 10.94 + 0.25

"Be 20.59 + 0.45

8Li 0.854 + 0.042

8L4 2.330 + 0.076

Li 22.65 + 0.50

8L 31.0 £ 1.0

6He 2.34 £ 0.11

‘He 378 +13

SHe 130.1 <+ 3.0




Table VII. Fragment and target factors for *C projectiles
' at 1.05 GeV/nucleon.

Fragment 23 Target YPT
ue 457 + 1.5 Pb 2.112 + 0.088
o 4.35 + 0.13 Ag 1.664 + 0.057
Sc 0.4685 + 0.031 Cu 1.451 + 0.037
2p 0.101 + 0.008 Al 1.194 + 0.022
up 50.2 + 1.8 o 0.996 + 0.015
10p 276 + 1.3 Be 1.000 + 0.015
8p 1.472 + 0.049 :

10p5e © 5.26 & 0.15

9Be 11.08 : 0.30

"Be 17.30 + 0.43

SLi 0.778 £+ 0.053

84 2.398 + 0.090

"Li 22.91 + 0.52

8Li 243 t 1.1

SHe 1.92 & 0.10

‘He 4086 +186

SHe 138.3 + 3.3




Table VIII. Fragment and target factors for %8 Ffe projectiles.®

Fragment® vF Target Ypr
Cr 1172 +3.1 . U 1.76 £ 0.09
Vv 89.2 £+ 2.9 Pb : 1.72 + 0.10
() 79.1+29 . Ta - 1.74 £ 0.09
. Sc 72.0 £ 2.7 Ag 1.52 £ 0.07
Ca - 73.0 £ 2.7 Cu 1.36 + 0.07
K 57.5 +2.5 S 1.05 + 0.07
Ar 55.6 £ 2.5 C 0.99 + 0.05
Be 1.00 + 0.04
Li 0.92 £ 0.02
H 0.73 + 0.05

¢ Taken from Ref. 3. , ‘
® Fragments identified only by element (and not by isotope).



Table IX. Parameters from strong-factorization analysis.

Projectile
Parameter 16 v 15 12 Py
gt 0.265 + 0.002 0.221 + 0.004 0.261 # 0.003 0.202 + 0.003
) 0.09 +£004 0.16 +0.10 0.65 +£0.06 1.13 +0.11
YPT 1.999 £ 0.019 1.830 + 0.043 1.975 + 0.031 1.740 + 0.036
from curve® : . '
ratio  1.149 £ 0.023 1.052 + 0.031 1.135 + 0.029 1.000
w.r.t 9 fe ' ' ' '

2The units of g are the same as those for ypr.
YFor Ay = 208.
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Table X. Parameters from weak-factorization analysis.

Projectile N, Ng, T I, X
180 77 - 53 1.001 0.039 225°
180 118 81 1.018 0.118 75
12 90 - B7 1.000 0.097 52
2cd 86 63 1.011 0.115 55

¢ Ngy is the number of degrees of freedom.

b Results from weighting with statistical uncertainties only; see text for a
discussion of systematic uncertainties and the significance of x2.

¢ 2.1 GeV/nucleon

4 1.05 GeV/nucleon



Table XI. Values for <z,p> and {7 for !0 projectiles.

n A% <ZTp,p> Target Er
1 15 7.8 C -2.3
3 13 6.8 Al -1.3
6 10 5.8 Ti -0.5
Cu 0
Ag 1.1
Pb 2.6

¢ Ap is the fragrhent mass used in the factorization analysis:

Ap =18 —=n -2/ i.e, for the case when two particles are emitted in the
ablation stage.
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Table XII. Values for r(F,T) showing weak-factorization systematics.

- Target ,
- Ap :
C Al Ti Cu Ag Pb
15 1.064 1.032 1.012 1.005 0.989 0.973
13 0.993 0.996 0.999 0.999 1.001. 1.003

10 0.898 0.948 0.980 0.992 1.017 1.043
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Figure Captions

Normalized target factors yp, for the projectiles 12c, 180, 180, and Sére.
The factors for each projectile are normalized such that the average value
fpr Be and C targets is unit;y. The curves are the result of fitting the data
with a function of the form ypr = g{47/3+A43/3~5) where g and 6 are fitting
parameters (see Table IX). The solid curve corresponds to the 180 de;ta. the
short-dash curve to the !2C data, the medium-dash curve to the 80 dala,

and the long-dash curve to the 38 fe data.

Comparison of the measured values for (a) mpr and (b) bpr with those
expected from the abrasion-ablation theory, for 80, 180, 12¢ at 2.1
GeV/nucleon, and 3C at 1.05 GeV/nucleon projectiles (see the text for the
derivation of these values). The dashed curves correspond to the predic-
tions of t‘he abrasion-ablation theory. The solid curves result from the
assdmption that the target factor is the sum of the radii of the target and

fragment nuclei (see text).

Values of the exponent y vs. 4p—A4p for 80, 180, and 12¢ projectiles (see
text for a discussion of the derivation of these values). The curve, obtained
from the resuits of Ref. 11, shows the value of y expected from the

abrasion-ablation theory.
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